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The aim of this study was to investigate the characteristics
of canine uropathogenic Escherichia coli (UPEC) and the
interaction between canine UPEC and human bladder
epithelial cells. Ten E. coli isolates collected from dogs
with cystitis were analyzed for antimicrobial resistance
patterns, the presence of virulence factors, and biofilm
formation. The ability of these isolates to induce cytotoxicity,
invade human bladder epithelial cells, and stimulate an
immune response was also determined. We observed a
high rate of antimicrobial resistance among canine UPEC
isolates. All virulence genes tested (including adhesins,
iron acquisition, and protectin), except toxin genes, were
detected among the canine UPEC isolates. We found that
all isolates showed varying degrees of biofilm formation
(mean, 0.26; range, 0.07 to 0.82), using a microtiter plate
assay to evaluate biofilm formation by the isolates.
Cytotoxicity to human bladder epithelial cells by the
canine UPEC isolates increased in a time-dependent
manner, with a 56.9% and 36.1% reduction in cell
viability compared with the control at 6 and 9 h of
incubation, respectively. We found that most canine
UPEC isolates were able to invade human bladder
epithelial cells. The interaction between these isolates and
human bladder epithelial cells strongly induced the
production of proinflammatory cytokines such as IL-6
and IL-8. We demonstrated that canine UPEC isolates
can interact with human bladder epithelial cells, although
the detailed mechanisms remain unknown. The results
suggest that canine UPEC isolates, rather than dog-
specific pathogens, have zoonotic potential.
Key words: Dog, human bladder epithelial cells, uropathogenic
Escherichia coli
Urinary tract infections (UTIs), including cystitis and
pyelonephritis, are one of the most common infectious
diseases of humans and domestic animals [5, 37]. Of the
numerous bacteria that can cause UTIs, Escherichia coli is
the most frequent infectious agent and is responsible for
>80% of all UTIs [7, 31]. Commensal E. coli in the
intestinal tract colonizes the vaginal and periuretheral
tissues, ascend into the bladder, and cause a UTI [7, 32].
E. coli is responsible for a wide range of human and
animal diseases, including UTIs, newborn meningitis, and
septicemia [22, 28]. A previous study on the relationships
between human and canine E. coli isolates suggested that
these isolates exhibit host specificity with respect to
virulence factors [15]. However, several studies have
recently shown that E. coli might have zoonotic potential,
due to the considerable commonality observed between
human and animal E. coli isolates from UTIs [10, 12].
The pathogenic potential of uropathogenic E. coli (UPEC)
is thought to be dependent on the host and bacterial factors
contributing to invasion into bladder epithelial cells [16].
Bladder epithelial cells play a significant role in the innate
immune response during UTIs [7, 13]. The immune responses
to UTIs by UPEC are initiated when infecting bacteria
reach the bladder through progressive colonization and
multiply rapidly in the urine, which induces the production
of proinflammatory cytokines [27, 29].
This study was conducted to investigate the genotypic
and phenotypic characteristics of clinical E. coli isolated
from dogs in Korea with clinical signs of cystitis.
Furthermore, to gather knowledge on the possible zoonotic
aspect of canine UPEC, the interaction between canine
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MATERIALS AND METHODS
Bacterial Isolates
The ten E. coli isolates included in this study were obtained from
the urine of 10 dogs with cystitis before administering antibiotics at
the Veterinary Medical Teaching Hospital of Seoul National University
(Korea) in 2008. Urine samples were collected aseptically from
dogs by cystocentesis. After collection, samples were cultured
overnight at 37
o
C on blood agar plates. All isolates were identified
as E. coli using standard biochemical tests and the Vitek 2 system
(bioMérieux, Hazelwood, MO, USA). The isolated bacteria were
stored at -80
o
C in LB broth with 50% glycerol until further analysis.
Antimicrobial Susceptibility Testing 
The minimum inhibitory concentrations (MICs) of a range of
antibiotics were determined for the E. coli isolates using the VITEK
2 system according to the manufacturer’s guidelines. The MIC
results were interpreted according to the guidelines of the National
Committee for Clinical Laboratory Standards [4].
Virulence Factors
The isolates were screened for the presence of virulence genes by
polymerase chain reaction (PCR). The primer sequences for each
virulence factor gene are shown in Table 1. E. coli genomic DNA
was isolated from overnight cultures using the DNeasy Blood and
Table 1. Primers used for virulence gene detection.
Gene Description Primer sequence(5'-3') Size (bp)
Adhesins
afa/dra Dr antigen-specific fimbrial and afimbrial adhesin F: GCTGGGCAGCAAACTGATAACTCTC 750
R: CATCAAGCTGTTTGTTCGTCCGCCG
fimH Type 1 fimbriae F: TCGAGAACGGATAAGCCGTGG 508
R: GCAGTCACCTGCCCTCCGGTA
papC Central region of P pili F: GACGGCTGTACTGCAGGGTGTGGCG 328
R: ATATCCTTTCTGCAGGGATGCAATA
sfa Central region of S fimbriae F: GTGGATACGACGATTACTGTG 242
R: CCGCCAGCATTCCCTGTATTC





papGI Class I P pili F: TCGTGCTCAGGTCCGGAATTT 461
R: TGGCATCCCCCAACATTATCG
papGII Class II P pili F: GGGATGAGCGGGCCTTTGAT 190
R: CGGGCCCCCAAGTAACTCG
papGIII Class III P pili F: CATGGCTGGTTGTTCCTAAACAT 421
R: TCCAGAGACTGTGCAGAAGGAC
Toxins
cnf1 Cytotoxic necrotizing factor 1 F: GAACTTATTAAGGATAGT 533
R: CATTATTTATAACGCTG
hlyA α-Hemolysin F: AACAAGGATAAGCACTGTTCTGGCT 1,177
R: ACCATATAAGCGGTCATTCCCGTCA
vt1 Verocytotoxin F: AAGTTGCAGCTCTCTTTGAATA 364
R: TGCAAACAAATTATCCCCTGAG
vt2 F: GGGCAGTTATTTTGCTGTGGA 515
R: GTATCTGCCTGAAGCGTAA
Iron acquisition
iucD Aerobactin siderophore F: TACCGGATTGTCATATGCAGACCGT 602
R: AATATCTTCCTCCAGTCCGGAGAAG
Protectins
kpsMTII Group II capsular polysaccharide synthesis F: GCGCATTTGCTGATACTGTTG 272
R: CATCCAGACGATAAGCATGAGCA
Miscellaneous
usp Uropathogen-specific protein F: ACATTCACGGCAAGCCTCAG 440
R: AGCGAGTTCCTGGTGAAAGC
eae Intimin F: GACCCGGCACAAGCATAAGG 384
R: CCACCTGCAGCAACAAGAGC
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Tissue Kit (Qiagen GmbH, Hilden, Germany) according to the
manufacturer’s instructions. PCRs were performed in a 25 µl
reaction mixture containing 1.5 U of Taq DNA polymerase
(TaKaRa, Otsu, Shiga, Japan), 2.5 µl of 10× reaction buffer, 2 µl of
2.5 mM dNTP mixture, 10 pmol of the forward and reverse primers,
and 0.5 µl of DNA template. The PCR conditions were an initial
denaturation at 94oC for 5 min, followed by 35 cycles of 94oC for
1 min, 58oC for 1 min, and 72oC for 1 min, and then a final extension
at 72
o
C for 5 min. The PCR products were directly sequenced using
an automatic sequencer (ABI 3730XL; Applied Biosystems, Foster
City, CA, USA).
Biofilm Formation Assay
Biofilm formation of E. coli isolates was assessed using a microtiter
plate assay. Bacteria were grown for 24 h at 37
o
C in 96-well
microtiter plates (SPL Life Science, Seoul, Korea) using 100 µl of
bacterial culture per well. The bacterial cultures were removed and
the plates were washed three times with PBS. Biofilms were stained
with 1% crystal violet for 20 min. Plates were washed three times
with PBS and air dried. After solubilization of the crystal violet with
95% ethanol, the biofilm was quantified by an enzyme-linked
immunosorbent assay (ELISA) reader (Bio-Rad, Munich, Germany)
at 570 nm. The nonpathogenic E. coli strain DH5α served as a
negative control for biofilm formation. All experiments were performed
in triplicate, and the results are reported as the mean and standard
deviation.
Cytotoxicity Assay
The assessment of cytotoxicity of the E. coli isolates against human
bladder epithelial cells was carried out using a modified water-
soluble tetrazolium salt (WST-1) assay (EZ-Cytox Cell Viability
Assay Kit; Daeil Lab Service, Seoul, Korea) as described previously
[20]. The human T24 bladder epithelial cell line (derived from a
bladder carcinoma; KCLB 30004) was purchased from the Korean
Cell Line Bank (Seoul, Korea). T24 cells were seeded at 1 × 10
4
cells/well in 96-well microtiter plates containing RPMI 1640
medium (Gibco BRL, Gaithersburg, MD, USA) supplemented with
10% heat-inactivated fetal bovine serum (Sigma, St. Louis, MO,
USA) at 37
o
C in 5% CO2. The cell monolayers were infected with
E. coli isolates at a multiplicity of infection (MOI) of 1:100 for 3, 6,
and 9 h. After the incubation, 10 µl of EZ-Cytox Reagent was
added to the culture wells, and the cultures were incubated for an
additional 1 h at 37oC. Absorbance was measured with an ELISA
reader at 540 nm. Results are expressed as a percentage of the
control culture conditions, and data are presented as the mean and
standard deviation of triplicate determinations.
Invasion Assay
The ability of E. coli isolates to invade T24 cells was assayed with
an antibiotic protection assay, as described previously [21, 36]. T24
cells (1 × 105 cells/well) in 12-well tissue culture plates (Costar,
Cambridge, MA, USA) were infected with E. coli isolates at a MOI
of 1:10 and incubated for 4 h. After infection, cell monolayers were
washed twice with PBS, and fresh cell culture medium containing
100 µg/ml meropenum was added for an additional 2 h to kill
extracellular bacteria. After washing with PBS, serial dilutions of
cells were plated on brain-heart infusion agar plates to determine the
total number of intracellular bacteria. Noninvasive E. coli DH5α
was used as the negative control. Invasion was expressed as the
total number of CFU/ml. All assays were conducted in duplicate
and repeated independently at least three times. 
Real-Time Polymerase Chain Reaction
T24 cells were seeded in 6-well plates (Costar) at 3 × 10
5
 cells/well
to assess cytokine secretion. The cells were then infected with E.
coli isolates at a MOI of 100 for 4 h. Total RNA was isolated from
cultured cells with TRIzol reagent (Molecular Research Center,
Cincinnati, OH, USA) according to the manufacturer’s instructions.
cDNA was synthesized from total RNA using the PrimeScript First
Strand cDNA Synthesis Kit (TaKaRa, Tokyo, Japan). Real-time PCR
was performed with a StepOne Plus Real-Time PCR system (Applied
Biosystems) in 10 µl containing 0.5 µl of template cDNA, SYBR
Premix Ex Taq (TaKaRa), and 10 pmol of forward and reverse
primers. The following oligonucleotide primers were used: interleukin
(IL)-6, forward, 5'-TCCAGAACAGATTTGAGAGTAGTG-3' and
reverse, 5'-GCATTTGTGGTTGGGTCAGG-3'; IL-8, forward, 5'-
ATGACTTCCAAGCTGGCCGTGGCT-3' and reverse, 5'-TCT
CAGCCCTCTTCAAAAACTTCTC-3'; glyceraldehyde-3'-phosphate
dehydrogenase (GAPDH), forward, 5'-TGCACCACCAACTGC
TTAGC-3' and reverse, 5'-GGCATGGACTGTGGTCATGAG-3'. The
thermal cycling conditions were 2 min at 50
o
C and 10 min at 95
o
C,
followed by 45 cycles of 15 min at 90
o
C and 1 min at 60
o
C. Relative
gene expression was determined using the ∆∆CT method with
GAPDH as the internal control.
Statistical Analysis
Results are expressed as means ± standard deviations (SD). Results
were compared by Student’s t-test, using the Microsoft Excel
software. P-values < 0.05 were considered significant.
RESULTS
Canine UPEC Characteristics
We analyzed 10 E. coli clinical isolates from the urine of
dogs with cystitis. The MICs of each antimicrobial agent
for all canine UPEC isolates are summarized in Table 2. Of
the penicillins, ampicillin showed the lowest activity (MIC
8 µg/ml; 12.5% susceptible) and piperacillin/tazobactam
the highest activity (MIC ≤ 16 µg/ml; 100% susceptible)
against all canine UPEC isolates. Despite the high
antimicrobial activity of the fluoroquinolones against the
E. coli isolates, a high resistance rate to ciprofloxacin was
observed among all isolates studied (MIC ≤ 0.25 µg/ml;
40% susceptible). Of the cephalosporins tested, cefazolin
was the least effective (MIC ≤ 4 µg/ml; 25% susceptible),
and cefepim was the most effective cephalosporin (MIC ≤
1 µg/ml; 80% susceptible) against all isolates. The carbapenem
antibiotics imipenem and meropenem were very active
against all isolates (MIC ≤ 2 µg/ml and ≤ 0.25 µg/ml,
respectively; 100% susceptible).
The isolated canine UPEC strains were tested for the
presence of virulence-associated genes using PCR to
detect 16 genes (Table 3). The fimH adhesion gene was the
most common virulence factor detected (six isolates),
followed by papC (three isolates), papGII (two isolates),
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and focG and papGIII (one isolate). None of the isolates
showed genes encoding other adhesins (afa, sfa, or
papGI). Additionally, usp, kpsMTII, and iucD were found
in four, four, and three of all E. coli isolates, respectively.
Toxin genes, such as cnf1 and hlyA and verotoxins (vt1 and
vt2) or eae were not detected in any of the isolates. The
number of virulence genes detected in E. coli isolates was
1-7 among the 16 genes tested, with the exception of two
isolates.
The ability of each isolate to form a biofilm was
assessed using a microtiter plate assay (Fig. 1). All canine
UPEC isolates tested with nonpathogenic E. coli DH5α
were able to form biofilms to varying degrees. Most
clinical isolates had a lower ability to form biofilms than
that of E. coli DH5α (control), although biofilm formation
by two isolates was significantly greater than that by the
control (p < 0.05). The levels of biofilm formation observed
in the microtiter plate assay ranged from 0.07 to 0.82. The
mean optical density at 570 nm of the 10 isolates was 0.26
± 0.03 (mean ± SD).
Influence of E. coli on Human Bladder Epithelial Cells
The cytotoxic and invasion abilities of the canine clinical
UPEC isolates were tested on T24 human bladder
epithelial cells. The toxicity of canine UPEC isolates to
T24 cells using the WST-1 colorimetric assay is shown in
Fig. 2. The number of viable T24 cells decreased
Table 2. Minimum inhibitory concentration (MIC) values of canine uropathogenic E. coli isolates determined using the Vitek 2 system.
Antimicrobial   agent
MIC   (µg/ml)   for isolates
1 2 3 4 5 6 7 8 9 10
Amikacin ≤2 ≤2 ≤2 ≤2 ≤2 ≤2 ≥ 64 ≤2 4 ≤2
Ampicillin ND ND ≥32 ≥32 ≥32 ≥32 ≥32 16 ≥32 8
Aztreonam ≤1 ≤1 ≤1 4 8 16 2 ≤1 16 ≤1
Cefazolin ND ND ≥64 ≥64 ≥64 ≥64 ≥64 ≤4 ≥64 ≤4
Cefepime ≤1 ≤1 ≤1 2 ≤1 ≤1 ≤1 ≤1 4 ≤1
Cefotaxime ≤1 ≤1 32 ≥64 8 8 4 ≤1 ≥64 ≤1
Ceftazidime ≤1 ≤1 ≤1 ≤1 32 ≥64 8 ≤1 16 ≤1
Ciprofloxacin ≤0.25 ≤0.25 ≥4 ≥4 ≥4 ≥4 ≥4 2 ≥4 ≤0.25
Gentamicin ≤1 ≤1 ≤1 ≤1 ≥16 ≤1 ≥16 ≤1 ≥16 ≤1
Imipenem ≤1 ≤1 ≤1 ≤1 ≤1 ≤1 2 ≤1 ≤1 ≤1
Levofloxacin 1 ≤0.25 ND ND ND ND ND ND ND ND
Meropenem ≤0.25 ≤0.25 ≤0.25 ≤0.25 ≤0.25 ≤0.25 ≤0.25 ≤0.25 ≤0.25 ≤0.25
Minocycline ≤1 8 ND ND ND ND ND ND ND ND
Netilmicin ≤1 ≤1 ND ND ND ND ND ND ND ND
Piperacillin ≤4 ≤4 ≥128 ≥128 ≥128 32 64 ≤4 ≥128 ≤4
Piperacillin/Tazobactam ≤4 ≤4 ≤4 ≤4 8 ≤4 16 ≤4 ≤4 ≤4
Tetracycline ND ND 2 2 ≥16 ≤1 ≥16 8 2 2
Ticarcillin ≤8 ≤8 ND ND ND ND ND ND ND ND
Ticarcillin/Clavulanic acid ≤8 ≤8 4 4 ≥32 ≥32 ≥32 4 4 4
Tobramycin ≤1 ≤1 ≤1 ≤1 4 ≤1 4 ≤1 8 ≤1
Trimethoprim/Sulfamethoxazole ≤20 ≤20 ≤20 ≤20 ≥320 ≤20 ≥320 ≤20 ≥320 ≤20
ND, no data, because no breakpoints are defined.
Table 3. Distribution of virulence genes determined by PCR in




1 2 3 4 5 6 7 8 9 10
afa/dra - - - - - - - - - -
fimH + - - - - + + + + +
papC + - - - - - - + - +
sfa - - - - - - - - - -
focG - - - - - - - + - -
papGI - - - - - - - - - -
papGII + - - - - - - + - -
papGIII - - - - - - - - - +
cnf1 - - - - - - - - - -
hlyA - - - - - - - - - -
vt1 - - - - - - - - - -
vt2 - - - - - - - - - -
iucD + - - - + - - + - +
kpsMTII + + - - - - - + - +
usp + - - - - - + + - +
eae - - - - - - - - - -
+, positive; -, negative.
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significantly in a time-dependent manner. However, canine
UPEC isolates had no toxic effects on T24 cells during the
first 3 h of the incubation. In the presence of canine UPEC,
cell viability compared with that in the negative control
decreased to 56.9% and 36.1% at 6 and 9 h of incubation,
respectively. At different MOIs of 10 and 100, cell viability
was similarly altered by canine UPEC at different time
points (data not shown). Thus, the increasing cytotoxicity
trend was time-dependent rather than dose-dependent.
The invasive activity of canine UPEC into T24 cells was
examined using an antibiotic protection assay to quantify
intracellular bacteria (Fig. 3). The number of invading
bacteria in the canine UPEC isolates was 10-100 times
higher than the number of noninvading E. coli DH5α
(used as a negative control), with the exception of two
isolates. The mean invasion index of canine UPEC isolates
was (64.17 ± 19.14) × 102 CFU/ml.
To analyze the cytokine production by T24 cells in
response to canine UPEC infection, the levels of IL-6 and
IL-8 released by T24 cells were measured by real-time
PCR analysis. The levels of proinflammatory cytokine IL-
6 mRNA increased 107-fold compared with those in
uninfected control cells (Fig. 4A). The levels of neutrophil
chemoattractant IL-8 mRNA increased 60-fold compared
with those in uninfected control cells (Fig. 4B). IL-6 and
IL-8 gene expression levels following bacterial infection
increased significantly in cells infected with all canine
UPEC isolates compared with those in uninfected control
cells (p < 0.001).
DISCUSSION
E. coli is the major causative agent of UTIs in humans and
domestic animals [38]. Recent studies suggest that animal-
originating E. coli has zoonotic potential for human
infections [10, 34]. Therefore, we investigated not only the
characteristics of 10 E. coli isolates from dogs with cystitis
but also the interaction between the canine UPEC isolates
and human bladder epithelial cells.
The interaction between UPEC and the bladder epithelial
cells is important during establishment of a UTI [7, 13].
Epithelial cells are the first line of host defense against
invading pathogens [9]. In addition, epithelial cells contribute
to the initiation of host innate and adaptive immune responses
by producing chemokines, cytokines, and antimicrobial
peptides [23]. The immune response to UPEC is initiated
by bacterial invasion of bladder epithelial cells, which
induces the production of proinflammatory cytokines such
as IL-6 and IL-8 and recruits neutrophils to the infection
Fig. 1. Biofilm formation abilities of canine uropathogenic E. coli
isolates measured by microtiter plate assay (crystal violet destaining).
Two (2 and 8) of the 10 isolates formed significantly more biofilm compared
with DH5α (control) (*, p < 0.05, Student’s t-test). Results are means ± standard
deviations (error bars) of triplicate assays.
Fig. 3. Invasion abilities of canine uropathogenic E. coli isolates
into human T24 bladder epithelial cells. 
T24 cells were infected with E. coli at a multiplicity of infection (MOI) of
10 for 4 h and were then incubated for an additional 2 h in the presence of
meropenum. Invasion is expressed as the total number of CFU/ml. Results
are means ± standard deviations (error bars) of three independent assays,
each performed in duplicate.
Fig. 2. Cytotoxicity of canine uropathogenic E. coli isolates to
human T24 bladder epithelial cells. 
T24 cells were infected with E. coli at a multiplicity of infection (MOI) of
100 at different time points. Cell viability is expressed as a percentage
compared with the uninfected control cells. Results are means ± standard
deviations (error bars) of triplicate assays.
427 Nam et al.
site [17]. Previous studies using murine cystitis models
showed that intracellular UPEC can persist within the
mouse bladder regardless of antibiotic treatments used to
effectively reduce bacterial titers within urine [16]. Several
more recent studies have demonstrated that UPEC can
persist for many days within host bladder epithelial cells
and rapidly multiply intracellularly [18, 24]. These data
suggest that the ability of UPEC to invade bladder epithelial
cells plays a critical role during UTI pathogenesis [16].
The ability of UPEC to establish a UTI in the urinary
tract is determined by its ability to express surface adhesive
structures that facilitate colonization of uroepithelial cells
[25]. UPEC expresses various adhesive structures called
pili or fimbriae, which mediate adherence to and invasion
of uroepithelial cells [35, 37]. Of these adhesive structures,
mannose-sensitive type 1 pili are critical during the
establishment of cystitis [25]. In addition to bacterial
adherence, several virulence factors such as toxins and iron
acquisition systems may contribute to UPEC pathogenicity
by facilitating bacterial colonization within host uroepithelial
cells and help the bacteria overcome host defenses [32].
We identified the presence of virulence factors in canine
UPEC isolates. Aside from the toxin genes commonly
found in UPEC, such as cnf1 and hlyA, other virulence
genes were detected in canine UPEC isolates, including
typical UPEC virulence genes such as type 1, P, and F1C
fimbriae, aerobactin, usp, and the capsule gene. The fimH
gene, encoding the type 1 pili, was the most common in
the canine UPEC isolates. The fimH-positive isolates also
frequently produced other virulence factors, enhancing E.
coli infectivity. This result demonstrates that type 1 pili is
an important contributor to virulence.
Biofilm formation is one of several virulence determinants
associated with chronic and recurrent bladder infections
[14, 30]. Biofilms are defined as biological structures
developed by microorganisms that promote persistence in
the urinary tract by protecting bacteria from the killing
activity of host defenses and antibiotics [30]. An important
factor during the first steps of biofilm formation is type 1
pili, which aid bacterial adhesion to host epithelial cells
[2]. In this study, all isolates showed varying degrees of
biofilm formation. Studies reporting the association
between biofilm formation and virulence factors have
shown different results [19, 33]. However, no significant
correlation was seen between biofilm formation and type 1
pili expression in the present isolates. Thus, it does not
seem that type 1 pili are crucial for biofilm formation in
UPEC isolates. These results also indicate that urovirulence
does not seem to be related to biofilm formation. Recent
studies have demonstrated that biofilm formation is
associated with asymptomatic E. coli bacteriuria and
appears to be an important strategy used by these E. coli to
colonize the urinary tract [6, 14].
The ability of bacteria to acquire resistance to antimicrobials
is vital for persistence in the urinary tract [3]. The increasing
use of antimicrobials is an important factor in the increased
frequency of antimicrobial resistance [31]. We showed that
the highest resistance was found for ampicillin (75%),
cefazolin (75%), and ciprofloxacin (60%), whereas the
highest susceptibility was seen for imipenem (100%),
meropenem (100%), and piperacillin/tazobactam (100%).
Strong biofilm-producing E. coli isolates were less resistant
to antimicrobial agents than the weak biofilm-producing
E. coli isolates. This result agrees with previous studies
showing that biofilm producers are significantly less
resistant to antibiotics than non-biofilm producers [19, 30].
The increase in antimicrobial resistance among E. coli
strains seems to be an important determinant in the
successful management of infection.
We investigated the ability of canine UPEC isolates to
cause a UTI in human bladder epithelial cells. We also
examined their ability to induce cytotoxicity in human
bladder epithelial cells. All canine UPEC isolates used in
this study induced time-dependent cytotoxicity, indicating
that bacterial viability is important to cytotoxicity. UPEC
firmly adheres and eventually invades bladder epithelial
Fig. 4. Human T24 bladder epithelial cell responses to canine
uropathogenic E. coli isolates. 
T24 cells were infected with uropathogenic E. coli isolates at a multiplicity
of infection (MOI) of 100 for 4 h. Interleukin (IL)-6 (A) and IL-8 (B)
mRNA levels were quantified by real-time polymerase chain reaction. The
relative levels of the genes corrected by GAPDH were compared with
uninfected control cells. All tested E. coli isolates significantly stimulated
IL-6 and IL-8 mRNA expression compared with control (P < 0.001).
Results are means ± standard deviations (error bars) of triplicate assays. 
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cells to establish a UTI [16]. We found that most canine
UPEC isolates were able to invade human bladder epithelial
cells, with the exception of some noninvasive isolates. This
finding indicates that UPEC does not have an absolute host
specificity for their entry site. The immune response to
UPEC is essential for defense against UTIs [1]. The
proinflammatory cytokine IL-6 correlates with disease
severity, and neutrophil-attractant chemokine IL-8 mediates
the elimination of bacteria during a UTI [11]. In this study,
canine UPEC isolates triggered a significant host response
in human bladder epithelial cells. In previous studies, bacterial
invasion appeared to be a critical factor for enhancing
secretion of bladder epithelial cell cytokine production in
response to infection [8, 26]. However, we showed that all
canine UPEC isolates strongly stimulated IL-6 and IL-8
secretion by human bladder epithelial cells, regardless of
their degree of invasion, and, thus, their mechanism of
epithelial responsiveness remains undefined.
In conclusion, we characterized a collection of canine
UPEC isolates with respect to antimicrobial-resistant patterns,
virulence factors, and biofilm formation and compared
these isolates with human clinical isolates examined in
previous studies. We demonstrated that canine UPEC isolates
induce cytotoxicity, invade human bladder epithelial cells,
and stimulate epithelial production of proinflammatory
cytokines. Therefore, these findings suggest that canine
UPEC, rather than dog-specific pathogens, could represent
a zoonotic risk. A limitation of this study was the relatively
small number of E. coli isolates used; thus, the results will
require further confirmation. Further studies will be
needed to investigate the detailed mechanisms mediating
the interaction between canine UPEC and human bladder
epithelial cells.
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